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Palaeo-interﬂuveThe distribution of As-pollution in groundwater of the deltaic aquifers of south-eastern Asia may be con-
trolled by the subsurface distribution of palaeo-channel sediments (As-polluted groundwaters) and
palaeo-interﬂuvial sediments (As-free groundwaters). To test this idea, termed the palaeosol model of As-
pollution, we drilled 10 sites, analysed groundwater from 249 shallow wells (screened b107 mbgl), ﬁeld-
tested another 149 for As, and used colour as a guide to the presence or absence of As-pollution in a further
531 wells. Our work was conducted along a 32-km traverse running W to E across southern West Bengal,
India. At seven drill sites we logged a palaeo-interﬂuvial sequence, which occurs as three distinct units that
together occupy 20 km of the traverse. These palaeo-interﬂuvial sequences yield As-free groundwaters
from brown sands at depthb100 m. The palaeo-interﬂuvial sequences are separated by two deep palaeo-
channels, which were logged at 3 sites. The palaeo-channel deposits host As-polluted groundwater in grey
sands. Our ﬁndings conﬁrm the predictions of the palaeosol model of As-pollution. We show again that
well-colour can be used both to successfully predict the degree of As-pollution in groundwater, and to locate
regions of buried palaeo-interﬂuve that will yield As-free groundwater for the foreseeable future.
© 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
Much shallow groundwater in alluvial aquifers worldwide con-
tains >10 μg/L of arsenic (As), the WHO guideline value for potable
water (WHO, 2011): concentrations above 50 μg/L are common. The
As threatens the health of millions of consumers; the problem is se-
vere in the deltaic regions of South and East Asia (Berg et al., 2001;
Fendorf et al., 2010; Ravenscroft et al., 2009; Winkel et al., 2008),
where groundwater supplies most domestic potable water. The aqui-
fers of the Bengal Basin are the most widely polluted, and pose the
biggest threat to health (BBS/UNICEF, 2011) because of the large
populations of Bangladesh (160 million) and West Bengal (60
million).
The As-pollution is a by-product of the reduction of sedimentary
iron oxyhydroxides (Berg et al., 2007; Gulens et al., 1979; McArthur
et al., 2001; Nickson et al., 1998, 2000; Polya et al., 2005 et seq.). As
yet, however, only a partial understanding exists of the either the
spatial distribution of this pollution process, or of the spatial distribu-
tion of the As it releases to groundwater; a better understanding
would inform and aid development and remediation of the aquifers.
We understand that As-pollution is minimal in areas of activelicense.recharge because rainwater contains little As, and because subsurface
release of As by reduction of Fe-oxyhydroxides in areas of recharge is
prevented by the dissolved oxygen in recharging water. Some areas of
recharge have been identiﬁed conceptually (Khan and Hoque, 2002)
or by geophysics (Aziz et al., 2008; Hoque et al., 2009; van Geen et
al., 2006), or by drilling (Weinman et al., 2008) or by dating ground-
water (Stute et al., 2007). Recharge is voluminous where the shallow
aquifer is unconﬁned and crops out e.g. northern Nadia, West Bengal;
for a map of such areas in Bangladesh, see Fig. 3 of Ravenscroft
(2003).
In addition, we understand that groundwaters from aquifers com-
prised of brown sand are typically reported to be free of As pollution
(Burgess et al., 2010; DPHE/BGS/MML, 1999; Hoque et al., 2011;
McArthur et al., 2004, 2008, 2011; Pal et al., 2002; Stollenwerk et
al., 2007; van Geen et al., 2003; von Brömssen et al., 2007), owing
to the sorptive capacity for As of the Fe-oxyhydroxides they contain.
Groundwaters from shallow grey sands are typically As-polluted be-
cause the original Fe-oxyhydroxide has been completely reduced
and its sorbed As has been released to solution (DPHE/BGS/MML,
1999; McArthur et al., 2004, 2008, 2011; Stollenwerk et al., 2007;
van Geen et al., 2003. The distribution of brown and grey sands, and
so the distribution of As-pollution, may reﬂect the distribution of sub-
surface palaeo-interﬂuves and palaeo-channels (McArthur et al.,
2008, 2011) that formed an ancient, now buried, landscape sculpted
when sea-level was lower than it is today (Umitsu, 1987, 1993). We
Fig. 1. Study area and drilling locations. Major roads and administrative boundaries (blocks) are included for reference.
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sedimentology, and its relation to As-pollution in shallow aquifers,
along a 32 km traverse across south-central West Bengal. By shallow
aquifers, we mean those tapped from depths of less than 150 mbgl, as
deﬁned by Ravenscroft (2003).
2. Evolution of the shallow aquifers, Bengal Basin
Sea-level decreased worldwide by ~130 m from 125 to 18 ka as
glaciation developed to a maximum (Caputo, 2007; Rohling et al.,
1998). The coastal areas exposed were channelled by rejuvenated riv-
ers and palaeo-interﬂuvial (PI) areas were formed at an elevation
around 30 to 50 m below the ground level of today (Goodbred and
Kuehl, 2000; Umitsu, 1993). Increased hydraulic gradients promoted
ﬂushing of PIs by oxic water (Ravenscroft, 2003), whilst the exposed
surfaces of the palaeo-interﬂuves were heavily weathered to form an
extensive palaeosol of red clay. This clay is the laterite of Goodbred
and Kuehl (2000), and the Last Glacial Maximum Palaeosol (LGMP)Fig. 2. Colour of stain on well-completions: (a) black, (b) black?, (c) red, (d) red?. Black color
is As-free, and that it derives from a palaeo-interﬂuvial setting. Red coloration, from precip
water contains >10 μg/L As, and that it derives from a channel setting that may be preda
and a pronounced vertical stratiﬁcation of groundwater composition, may mix Mn-rich and
biguous colour of a well-completion that is often clariﬁed by viewing instead the colour ofof McArthur et al. (2008). The rise in sea-level since 18 ka ﬂooded
the palaeo-valleys, which were inﬁlled by grey sands that comprise
some of today's aquifers in palaeo-channel (PC) settings. Later depo-
sition of ﬂoodplain deposits buried both PI and PC sequences.
Groundwater from PI settings typically contains little Fe or As, and
0.2 to 0.4 mg/L of Mn, except around the PI margins, where Mn con-
centrations may reach 10 mg/L (McArthur et al., 2011, 2012).
Groundwater from PC settings typically contains b0.2 mg/L of Mn,
and is rich in Fe and As (McArthur et al., 2011, 2012). The LGMP pre-
vents downward recharge of the aquifer in PI settings, which are
recharged by lateral ﬂow from palaeo-channels (McArthur et al.,
2012). Palaeo-channel deposits, lacking the LGMP, are recharged by
downward percolation through their conﬁning beds, if any.
3. The study area
The study area comprises an E–W traverse across 32 km of south-
ern West Bengal (Fig. 1). The traverse is located some 10 km to theation, from precipitation of manganese oxide, normally indicates both that a well water
itation of iron oxide, normally indicates (in a well screened b150 mbgl) that the well
te or post-date the last glacial maximum (pre-LGM or post-LGM). Long well-screens,
Fe-rich waters and so confuse this apparently simple division. Symbol (?) indicates am-
stain in a water-vessel e.g. the red-stained inside of the bucket in (d).
159M.A. Hoque et al. / Science of the Total Environment 431 (2012) 157–165south of areas previously studied by us (McArthur et al., 2004, 2008,
2010, 2011, 2012), with a western end located around 3 km east of
Kolkata Airport. Along the western part of the traverse, industrial-
scale excavation since 1975 for brick-clay has removed up to 3 m of
the upper aquitard (and agricultural land) and created depressions
now used for aquiculture. These ﬁsh- and shrimp-farms are ﬂooded
by brackish water pumped from tidal creeks and rivers. Along the re-
mainder of the traverse, scattered urban conurbations and villages are
separated by agricultural land where irrigation with groundwater is
ubiquitous. Across the study area, groundwater is the main source
of water for drinking and domestic use, and for irrigation.
Beneath the present landforms, the palaeo-channel of the Ganges
River follows essentially the present Hooghly River, some 10 km to
the west of the western end of our traverse (Goodbred and Kuehl,
2000). The palaeo-channel of the present-day Ichamati River, in the
eastern end of our traverse, also likely follows its present course.
4. Materials and method
We traversed E–W because major palaeo-channels and major
palaeo-interﬂuves should be oriented N-S (Umitsu, 1993). We chose
the line of traverse after linking the distribution of channel scars, visible
across southern West Bengal on satellite imagery, to the distribution of
As-pollution shown on maps posted on the website of the Public
Health Engineering Department, Government of West Bengal (www.
wbphed.gov.in, October 2010). Along the traverse (Fig. 1), we sampled
249 water wells that were screened at a depthb107 mbgl. Samples
were unﬁltered except where visibly turbid. In the ﬁeld, samples for
laboratory analysis of cations and As were made 1%with respect to nit-
ric acid. Laboratory analyses for Fe, Mn, and PO4 were by ICP-AES; other
analyses were done using a Bruker 90 ICP-MS. Using a Digital
Arsenator®, we measured the concentration of As in the ﬁeld in 149
well waters, of which 72 were analysed in the laboratory for other
ions and As.
To supplement ﬁeld-measurement of As, we recorded the colour
of the well completions for 531 wells, classifying their colour asFig. 3. Sedimentary sequences along the traverse: (a) lithological records along the traverse
(PC) and palaeo-interﬂuvial (PI) zones, with zone boundaries deﬁned by colour-mapping oblack, black?, red, or red?, where ? denotes ambiguity (Fig. 2). We
did so because the colour of the completion, or domestic water-
containers, can indicate both the degree of As-pollution of the source
water and the presence of subsurface palaeo-interﬂuves: groundwa-
ter from PI settings contains dissolved Mn that stains well-
completions black from precipitation of Mn-oxide; groundwater
from PC settings contains dissolved Fe that stains well-completions
red by precipitation of Fe-oxyhydroxides (see McArthur et al., 2011,
2012 for underlying rationale). The ambiguous colour of some well-
completions may be clariﬁed by viewing instead the colour of stain
in a water-vessel e.g. the red-stained inside of the bucket in Fig. 2d.
Along the traverse we tested surface predictions of sedimentology
by drilling 10 boreholes, about 3 km apart. Nine were drilled using
the hand-operated reverse circulation method described by Ali
(2003), and one deeper borehole (90 mbgl at Site −1) using com-
mercial rotary drilling. Cuttings were logged and collected every 5 ft
(1.52 m). The visualization package RockWorks® 14 was used to con-
struct a lithological cross-section along the line of traverse. Using
ERDAS Imagine® 8.4, we extracted a map of the surface expression
of sedimentology (largely channel migration scars) from a Landsat
TM image of September 2001. All locations are given to the WGS 84
co-ordinate system.
5. Results
5.1. Sedimentology
Lithological logs for each drill site, together with their interpreta-
tion, are shown in Fig. 3. Typical samples recovered by drilling are
shown in Fig. 4. Further detail is given in the Supplementary Informa-
tion. At three sites (0A, 4, and 5) we found a typical palaeo-channel
sequence of grey sands, with overlying sequences comprising thin
sands, silts, and clays. At Sites −1, 0, 1, 2, 3, 6, and 7, and at a site
(not shown on ﬁgures) that was 200 m north-west of Site 0, we
found a Late Pleistocene palaeo-interﬂuvial sequence, complete with
capping Last Glacial Maximum Palaeosol (LGMP of McArthur et al.,from west to east; (b) geological section inferred from (a) showing the palaeo-channel
f wells and ﬁeld testing for As in well water.
Fig. 4. Sediments recovered at drill sites locations in Fig. 1. Depth increases from top left to bottom right in increments of 5 ft. Lithological logs for all boreholes are given in Sup-
plementary Information. (a) Site 3; a PI sequence where the last glacial maximum palaeosol (LGMP) at 80–95 ft is overlain by ﬁne-grained silts and clays. The pre-LGM brown sands
grade to grey at 180 ft bgl. (b) Site 0A; a deep PC record; grey sand throughout (record starts at 10 ft bgl); (c) Site 7; a PI sequence where the LGMP at 120 ft is overlain by post-LGM
channel sands and silts.
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grey, clay, as found elsewhere (McArthur et al., 2004, 2008, 2011,
2012). At Site 5, this clay directly overlies, and is overlain by, grey
sands. At Sites 0, 1, 6 and 7, the LGMP, and this overlying blue-grey
clay, are in turn overlain by channel sands that form local aquifers.
The depth to the top of the LGMP differs between sites. Although
apparently anomalously deep at Site 0 (35 mbgl), the depth-to-top
gradually deepens eastward along the traverse. It is around 17 mbgl
at Site −1 at the western end of the traverse and deepens to
36 mbgl towards its eastern end at Site 7. The thicknesses of the
LGMP also differ between sites. It is thickest at the western end of
the traverse (Fig. 3; Sites −1), where it reaches 20 m, and it thins
eastward to 2.4 m at the eastern end of the traverse (Site 7). At all
sites, the brown sands of the PI sequence grade downwards into
grey sands. The thickness of the brown sand is around 38 m at SitesFig. 5. (a) The colour of well completions along the traverse. To remove the inﬂuence of s
screened at >30 mbgl, and so likely below the base of any palaeo-channel sequence that
wells in (a), and PI and PC settings are indicated.−1, 24 m at Sites 2 and 3 in mid-traverse, and 8 m at Site 7 at the
eastern end of the traverse.
5.2. Water quality
The As concentrations in well-waters analysed in the ﬁeld are
given in Supplementary Information, along with the results for lab-
oratory analyses of well waters, and the colour of well completions.
For wells with black and black? completions, 68% have water with
b10 μg/L As. For wells with red and red? completions, 57% have
water containing >10 μg/L As. In Fig. 5, we plot the locations and
colour of the 466 wells that are screened >30 mbgl (up to our
deepest depth of 107 mbgl), and for which colour was recorded.
We ﬁlter on depth in order to exclude the inﬂuence of around 60
wells that are screened in shallow palaeo-channels. The black andhallow, post-LGM channelling, we plot data only for the 485 of our 531 wells that are
may overlie any palaeo-interﬂuvial sequence. (b) Map of As concentrations for 248
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(Fig. 5a), and red and red(?) completions mostly occur between
them. Small clusters of red completions occur in areas where
black is otherwise the predominant colour e.g. at A and B in
Fig. 5a. The distribution of As (Fig. 5b), based on ﬁeld and laborato-
ry analyses for As in wells that are screened >30 mbgl, shows a
similar pattern to that shown by completion-colour (Fig. 5a).
Cross-plots of As, Mn, Fe, V, and U (Fig. 6) emphasise that PI
groundwaters contain Mn, V, and U, whilst PC groundwaters con-
tain Fe and As.
6. Discussion
6.1. The palaeosol model
The ‘palaeosol model’, described elsewhere (McArthur et al., 2008,
2011), sets As-pollution into the context of sea-level change,
weathering, and palaeosol formation. It is this model we test here.
Along the 32 km traverse, groundwater composition, coupled to the
sedimentology (Fig. 3) is consistent with the palaeosol model of As-
pollution, which predicts groundwater rich in Mn, V, and U will be
found in PI settings, and groundwater rich in Fe, As, and Mo will be
found in PC settings (McArthur et al., 2012). This is what is seen in
our data (Figs. 6 and 7). Our drilling (Fig. 3) and analysis identiﬁed
three areas of PI sequence, separated by two deep palaeo-channels,
one at Site 0A, the other at Sites 4 and 5. In all, some 20 km of our
32 km traverse is underlain by the full PI sequence of brown sands
overlain by the LGMP. Groundwater hosted by these palaeo-
interﬂuvial aquifers contain b5 μg/L of As (and mostly b2 μg/L). Con-
versely, where concentrations of As exceed 10 μg/L, concentrations of
Mo and Fe are high, and those of U, V and Mn are usually low.
In mapping the extent of a PI sequence some 10–15 km to the
north of our area, McArthur et al. (2011) showed that it wasFig. 6. Cross-plots of (a) Fe against Mn, V, and U; (b) As against Mn, V and U, showing the mu
aquifer, and the group Mn, V, and U, which typiﬁes PI settings.everywhere overlain by ﬂoodplain deposits — silts and clays, with
intercalations of peat sensu stricto. At Sites −1, 2, and 3 along our
traverse, the post-LGM sediments are similar ﬁne-grained. At Sites
0, 1, 6, and 7, the post-LGM sediments are largely grey sands.
These post-LGM sands typically yield groundwaters that exceed
the WHO GV for As (10 μg/L) but not (in this study) the limit of
50 μg/L As set by the governments of Bangladesh and India for
drinking water; the maximum we measured was 42 μg/L. Excepting
around Site 7 (for reasons unknown), these post-LGMP grey sands
are exploited for water supply in preference to the deeper, As-
free, brown sands, the presence of which was unknown to inhabi-
tants e.g. around Site 6. Mitigation of As-pollution in such areas
would be accomplished by the simple expedient of drilling wells
to be slightly deeper in order to exploit the As-free aquifer. If the
situation described here is common across the Bengal Basin, that
easy remedy could provide substantial beneﬁt to many consumers
in the short term.
Major palaeo-interﬂuves are separated by major palaeo-channels.
The inﬂuence of minor tributaries in channelling and erosion has
been largely overlooked. The existence of local erosion of the LGMP
within the palaeo-interﬂuvial regions of our ﬁeld area is suggested
by the appearance of small clusters of red completions, containing
>10 μg/L As, within regions of mostly black completions (e.g. A and
B in Fig. 5). These high-As wells have screen depth (37 to 49 mbgl)
that are below the local depth of the LGMP, and so are unlikely to
be screened in brown sand. We suggest that these data reveal the
presence of local, i.e. small scale, channelling by tributary rivers
that locally cut through the LGMP and form small, local, palaeo-
channel zones in which As-rich water occurs. A similar local channel-
ling occurred at Chhota Jagulia, NE of Barasat, West Bengal
(McArthur et al., 2011), where a small area of As-pollution occurs
within a palaeo-interﬂuve, and in wells screened beneath the local
depth of the LGMP.tual exclusivity in solution of the group Fe, As, and Mo, which typiﬁes PC settings of the
ig. 7. Spatial pattern of palaeo-interﬂuvial (PI) and palaeo-channel (PC) water, differentiated on the basis of well colour survey, drilling results, and groundwater chemistry.
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Extensive channel-migration features are seen on satellite imager-
y of West Bengal (Fig. 8). The lithological expressions are characteris-
tic of the rapid lateral change in facies expected in a deltaic setting.
The channelling revealed in Fig. 8 includes the two palaeo-channels
that cut our PI sequences into three parts; channel-scars cross our tra-
verse at Site 0A, and at Sites 4 and 5. The depth of incision of these
palaeo-channels would have been dependent on relative base-level
gradients (Salter, 1993). These decreased greatly as sea-level rose
during the post-LGM period, especially from 18 ka to 6 ka. Our ﬁnd-
ings show that post-LGM erosion has not everywhere cut so deeply
as to erase the LGMP, which we have found at depths from 17 to
36 mbgl, and has been found at similar depths elsewhere (McArthur
et al., 2011). At Sites 0, 1, 6, and 7, post-LGM channelling did not
cut-out the LGMP, but did scour deeply enough to form local channel
aquifers of grey sand that overlie the LGMP. The timing of post-LGM
channel formation cannot be deduced from this present work, al-
though constraints have been placed on similar events elsewhere byFig. 8. Location of the modern-day channel and palaeo-channel scars derived from sat-
ellite TM image analysis, and their relation to our traverse. Symbol (?) indicates areas
where image analysis is largely uncertain due to urbanisation. Chakdaha town was the
study site for Biswas et al. (2012), which we discuss in Section 6.4.C-dating (McArthur et al., 2004; Zheng et al., 2005; Sarkar et al.
2009).
The redness of the brown-sand sequence diminishes with depth
and grades to grey at ca. 50 mbgl at all sites except Sites−1 (and pos-
sibly Site 0; see Fig. 3), where the transition is around 75 mbgl. The
colour change indicates the base-level of the groundwater table at
the time of active weathering up to the LGM at 18 ka. Below that
base level, ﬂushing by oxic water would have been slow, or the
water would have been anoxic as it is today, and the sediments
would not have been oxidised.
The brown sand is often presented as being a substantial barrier to
arsenic migration because of its capacity to sorb As. Whilst that may
be the case for horizontal migration of As in groundwater (McArthur
et al., 2011) it is probably not the case for vertical migration, as is
often invoked (Radloff et al., 2011; Stollenwerk et al., 2007). Along
our traverse, the pre-LGM brown sand is thin (8 to 70 m) and laterally
discontinuous. Regionally, this picture is probably repeated; the
LGMP and underlying brown sand must have been punctured and/
or thinned during the scouring of numerous palaeo-channels that
are now ﬁlled by post-LGM grey sands. Thus, the thinness in places,
and its absence in others, suggests to us that the role of the brown
sand as a sorptive barrier to vertical migration of As into deep aqui-
fers may have been over-emphasised. Furthermore, brown sand is,
in many places, overlain by the LGMP, which is effectively imperme-
able (McArthur et al., 2008), a fact that decreases the importance of
the brown sand when assessing the vulnerability of the deeper aqui-
fers, which are composed of grey sands, to the breakthrough of
arsenic-rich groundwater from overlying aquifers in palaeo-channel
settings.
6.3. Palaeo-interﬂuvial margins
The contact between the regions of palaeo-interﬂuve and palaeo-
channel can be identiﬁed in the ﬁeld to within a few metres by
colour-survey and ﬁeld-testing of well-water for As (Fig. 9), as has
been demonstrated elsewhere (McArthur et al., 2011, 2012). These
contacts have been shown to be the locus of spatially-separated re-
duction fronts for Mn-reduction and Fe-reduction, where exception-
ally high concentrations of Mn and Fe (and Mo and V) can be found
(McArthur et al., 2012). The exceptionally high Mn concentrations
at such fronts might prove a hazard to health (Khan et al., 2012;
Wasserman et al., 2006), so it is important to identify such
boundaries.
These PI/PC contacts are important also for the purposes of moni-
toring lateral migration of As-rich water into the palaeo-interﬂuvial
settings of the aquifer from abutting palaeo-channel (McArthur et
al., 2010, 2011). At the contacts, the As-polluted groundwaters
ﬂowing from the palaeo-channels lose As by sorption to PI brown
sands, so it is across such boundaries that sentinel wells, regularly
monitored, will allow quantiﬁcation of the rate at which As in
groundwater horizontally invades the presently As-free aquifers in
their PI setting. At Site 3 (Fig. 9), in order to illustrate the ease and
Fig. 9. Detail of boundary delineation between palaeo-channel and palaeo-interﬂuvial settings of the aquifer at Site 3. The boundary between PI and PC settings is arbitrarily set
where concentrations of As go to zero.
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ﬁed its position to within 10 m along a line of traverse.
6.4. Other areas
Along the line of traverse reported on here, the PI sequence is
overlain at Sites −1, 2, and 3, by a low-energy sequence of silts and
clays, as has been found further north between Barasat and Habra
(McArthur et al., 2011). Elsewhere along the traverse, the PI sequence
is overlain by shallow palaeo-channels that had scoured deep enough
to provide an exploitable aquifer, but not deep enough to erode theFig. 10. Analysis of the data of Biswas et al. (2012). See text for interpretation. (a) Field area
of wells are screened at 20–22 mbgl, and that a minimum number are screened at 22–24 m
30 mbgl than above it. (c) Distribution of well waters at depth ≥25 mbgl with >0.2 mg/L
(d) Distribution of well waters with depths ≥25 mbgl and with b5, or >5, μg/L of As.LGMP. In such a setting, an upper aquifer of grey sands containing
As-polluted groundwater is separated by the LGMP from a slightly
deeper aquifer of brown sands (within 100 mbgl) that host As-free
groundwater. This shallow, dual-aquifer, system occurs elsewhere,
but in a context where the brown sands have been termed the
‘deep’ aquifer (Van Geen et al., 2007; Zheng et al., 2005). We restrict
the term ‘deep aquifer’ to mean those hosting groundwater below
150 mbgl (DPHE/BGS/MML, 1999; Ravenscroft, 2003).
The shallow, dual-aquifer system may be more common than ap-
preciated. One area in which it might occur is Nadia District, West
Bengal. The colour-screening method of McArthur et al. (2011) forof Biswas et al. (2012). (b) Histogram of well depths, showing that a maximum number
bgl, plus depth proﬁles of As and Mn. For Mn, concentrations reach higher levels below
Mn and b0.9 mg/L Fe, together with locations of well-waters containing >2 mg/L Mn.
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(2012) to map As-pollution around Chakdaha, Nadia District, West
Bengal. In presenting the method, McArthur et al. (2011) made
clear that its secondary purpose was to map As-pollution, and that
its primary purpose was to reveal the subsurface distribution of
palaeo-interﬂuvial and palaeo-channel sequences. Biswas et al.
(2012) did not use it for that primary purpose so, with their data,
we do so here.
Of the 423 wells reported by Biswas et al. (2012), no fewer than
101 (24%) are between 20 and 22 m in depth (Fig. 10b). Only two
(0.5%) are 22–24 m deep. We speculate that the level around 22–
24 mbgl may be known to the area's drillers as a local base to the
shallow aquifer above which drilling should stop. We further specu-
late that this may be because that is the depth to the LGMP in some
areas in which it may be present. In contrast, maximum concentra-
tions of Mn are higher below 30 mbgl than above that level, possibly
indicating that a PI sequence may lie deeper than 30 mbgl, rather
than below 22 mbgl (Fig. 10b).
As groundwater from palaeo-interﬂuvial settings tends to contain
>0.2 mg/L of Mn and little Fe (here we take b0.9 mg/L; McArthur et
al., 2012), we show in Fig. 10c the geographical distribution of wells
with depths >25 m that contain >0.2 mg/L Mn and b0.9 mg/L Fe.
The wells cluster into three main areas, which we postulate are sub-
surface PI sequences (a similar result is obtained for wells screened
at>30 mbgl). Conﬁrmation that a PI sequence occurs at depth
comes from the distribution of As in water from wells screened at
depths >25 mbgl (Fig. 10d). Well waters with b5 μg/L As, and so like-
ly to derive from brown sands of a PI sequence, show a similar clus-
tering to that shown in Fig. 10c for low-Fe, high-Mn waters. The
putative PI regions do have within them some wells that are >25 m
deep, and contain higher amounts of As, so it is possible that the PI se-
quences we identify are truncated i.e. regions where the LGMP itself,
but not much of the underlying brown sands, have been removed by
post-LGM channelling. In contrast, concentrations of Mn>2 mg/L ap-
pear to ﬂank the margins of the putative PI sequence, as would be
expected if full PI sequences are present because the PI/PC contact
at the margin of PI sequences is often the locus of Mn- and Fe-
reduction fronts that drive concentrations to extreme values
(McArthur et al., 2012). We know of no drill-sites in the areas of the
postulated PI sequences with which to test these inferences.
The distribution of data for well waters around Chakdaha is that
expected from a palaeo-interﬂuvial sequence that was deeply dissect-
ed by major palaeo-channels, and later scoured and reworked by Re-
cent river channelling. We interpret the areas between the putative PI
settings as being deep palaeo-channels (up to 61 mbgl, the maximum
well-depth recorded), on the evidence that high As concentrations
are to be seen at all depths in the area (Fig. 10b). Finally, high concen-
trations of As are found in shallow wells (b25 mbgl) across the entire
area, showing that the subsurface PI sequences are covered by As-
polluted aquifers comprised of shallow palaeo-channels.
7. Conclusions
The data we present fail to falsify the ‘palaeosol model’ for the dis-
tribution of As-pollution in the Bengal Basin. Similar testing should
now be implemented in other As-affected areas of the Bengal Basin,
and other deltaic aquifers, in order to establish how widely the
model may apply. Wider testing will be assisted by adopting the
colour-survey method of McArthur et al. (2011) that can, literally at
a glance, distinguish between As-free wells that tap palaeo-
interﬂuvial sands and As-polluted wells that tap palaeo-channel
sands. Analysis of groundwater for V, Mo, and U, as well as the com-
monly measured Fe, Mn, and As, can be used to conﬁrm the results
of a colour survey.
Howmuch PI sequence should we expect to ﬁnd across the Bengal
Basin? Erosion and sea-level change have operated on a 100 katimescale since 800 ka (Lisiecki and Raymo, 2005): the cycle we ex-
amine is but the latest of many. It is therefore no surprise that
Hoque et al. (2011) recorded a patchy occurrence of brown sands
(relict PI) at depth in the central Bengal Basin. With respect to the lat-
est cycle (125 ka to now), the amount of PI preserved will depend
upon the depth and extent of post-LGM erosion. That, in turn, de-
pends upon the base level of rivers (which is governed by sea
level), the pattern of erosion since 18 ka, and basinal rates of
subsidence.
Rates of subsidence are highest in the south-east of the basin, and
in the Sylhet sub-basin of north-eastern Bangladesh. They are lowest
at the basin margins (Khan and Hoque, 2002; Steckler et al., 2007),
the western margin of which is close to the west end of our study
area. Our ﬁnding of subsurface PI sequences in the western part of
the basin, where relative subsidence rates are low and erosion poten-
tial therefore high, implies that much subsurface PI may be preserved
by subsidence in the more rapidly subsiding parts of the basin. The
ﬁnding of brown sand at depths of 195 to 229 mbgl at Sreenagar, cen-
tral Bangladesh (Hug et al., 2011), close to the banks of the present
Ganga River, the possible identiﬁcation of PI at Chakdaha, and the
ﬁnds reported here of LGMP at 36 mbgl, also suggest that subsurface
PI sequences may be more extensive than commonly supposed.
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at http://dx.doi.org/10.1016/j.scitotenv.2012.05.038.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.scitotenv.2012.05.038.
References
Ali M. Review of drilling and tubewell technology for groundwater irrigation. In:
Rahman AA, Ravenscroft P, editors. Groundwater resources and development in
Bangladesh—background to the arsenic crisis, agricultural potential and the envi-
ronment. Dhaka: Bangladesh Centre for Advanced Studies, University Press Ltd.;
2003.
Aziz Z, van Geen A, Stute M, Versteeg R, Horneman A, Zheng Y, et al. Impact of local re-
charge on arsenic concentrations in shallow aquifers inferred from the electromag-
netic conductivity of soils in Araihazar, Bangladesh. Water Resour Res 2008;44:
W07416.
BBS/UNICEF. Bangladesh national drinking water quality survey 2009. Dhaka:
Bangladesh Bureau of Statistics and UNICEF; 2011.
Berg M, Tran HC, Nguyen TC, Pham HV, Schertenleib R, Giger W. Arsenic contamination
of groundwater and drinking water in Vietnam: a human health threat. Environ Sci
Technol 2001;35:2621–6.
Berg M, Stengel C, Trang PTK, Viet PH, Sampson ML, Leng M, et al. Magnitude of arsenic
pollution in the Mekong and Red River Deltas — Cambodia and Vietnam. Sci Total
Environ 2007;372:413–25.
Biswas A, Nath B, Bhattacharya P, Halder D, Kundu AK, Mandal U, et al. Testing tubewell
platform color as a rapid screening tool for arsenic and manganese in drinking
water wells. Environ Sci Technol 2012;46:434–40.
Burgess WG, Hoque MA, Michael HA, Voss CI, Breit GN, Ahmed KM. Vulnerability of
deep groundwater in the Bengal Aquifer System to contamination by arsenic. Nat
Geosci 2010;3:83–7.
Caputo R. Sea-level curves: perplexities of an end-user in morphotectonic applications.
Global Planet Change 2007;57:417–23.
165M.A. Hoque et al. / Science of the Total Environment 431 (2012) 157–165DPHE/BGS/MML. Groundwater studies for Arsenic contamination in Bangladesh. Phase
I: rapid investigation. UK: British Geological Survey (BGS) and Mott MacDonald
Ltd; 1999.
Fendorf S, Michael HA, van Geen A. Spatial and temporal variations of groundwater ar-
senic in South and Southeast Asia. Science 2010;328:1123–7.
Goodbred Jr SL, Kuehl SA. The signiﬁcance of large sediment supply, active tectonism,
and eustasy on margin sequence development: Late Quaternary stratigraphy and
evolution of the Ganges–Brahmaputra delta. Sediment Geol 2000;133:227–48.
Gulens J, Champ DR, Jackson RE. Inﬂuence of redox environments on the mobility of ar-
senic in groundwater. In: Jenne EA, editor. Chemical Modeling in Aqueous Systems.
93American Chemical Society Symposium Series; 1979. p. 81–95.
Hoque MA, Khan AA, Shamsudduha M, Hossain MS, Islam T, Chowdhury TH. Near sur-
face lithology and spatial variation of arsenic concentration in the shallow ground-
water of Bangladesh. Environ Geol 2009;56:1687–95.
Hoque MA, Burgess WG, Shamsudduha M, Ahmed KM. Delineating low-arsenic
groundwater environments in the Bengal Aquifer System, Bangladesh. Appl Geo-
chem 2011;26:614–23.
Hug SJ, Gaertner D, Roberts LC, Schirmer M, Ruettimann T, Rosenberg TM, et al.
Avoiding high concentrations of arsenic, manganese and salinity in deep tubewells
in Munshiganj District, Bangladesh. Appl Geochem 2011;26:1077–85.
Khan AA, Hoque MA. Quaternary paleo-geography and geohazard scenario of the
Bengal delta of Bangladesh. Orient Geogr 2002;46:1-16.
Khan K, Wasserman GA, Liu X, Ahmed E, Parvez F, Slavkovich V, et al. Manganese expo-
sure from drinking water and children's academic achievement. Neurotoxicology
2012;33:91–7.
Lisiecki LE, Raymo ME. A pliocene–pleistocene stack of 57 globally distributed benthic
δ18O records. Paleoceanography 2005;20:PA1003.
McArthur JM, Ravenscroft P, Saﬁullah S, Thirlwall MF. Arsenic in groundwater: testing
pollution mechanisms for sedimentary aquifers in Bangladesh. Water Resour Res
2001;37:109–17.
McArthur JM, Banerjee DM, Hudson-Edwards KA, Mishra R, Purohit R, Ravenscroft P,
et al. Natural organic matter in sedimentary basins and its relation to arsenic in an-
oxic groundwater: the example of West Bengal and its worldwide implications.
Appl Geochem 2004;19:1255–93.
McArthur JM, Ravenscroft P, Banerjee DM,Milsom J, Hudson-Edwards KA, Sengupta S, et al.
How paleosols inﬂuence groundwater ﬂow and arsenic pollution: a model from the
Bengal Basin and its worldwide implication. Water Resour Res 2008;44:W11411.
McArthur JM, Banerjee DM, Sengupta S, Ravenscroft P, Klump S, Sarkar A, et al. Migra-
tion of As, and 3H/3He ages, in groundwater from West Bengal: implications for
monitoring. Water Res 2010;44:4171–85.
McArthur JM, Nath B, Banerjee DM, Purohit R, Grassineau N. Palaeosol control on
groundwater ﬂow and pollutant distribution: the example of arsenic. Environ Sci
Technol 2011;45:1376–83.
McArthur JM, Sikdar PK, Nath B, Grassineau N, Marshall JD, Banerjee DM. Sedimento-
logical control on Mn, and other trace elements, in groundwater of the Bengal
delta. Environ Sci Technol 2012;46:669–76.
Nickson R, McArthur JM, Burgess WG, Ahmed KM, Ravenscroft P, Rahman M. Arsenic
poisoning in Bangladesh groundwater. Nature 1998;395:338.
Nickson R, McArthur JM, Ravenscroft P, Burgess WG, Ahmed KM. Mechanism of arsenic
release to groundwater, Bangladesh and West Bengal. Appl Geochem 2000;15:
403–13.
Pal T, Mukherjee PK, Sengupta S, Bhattacharyya AK, Shome S. Arsenic pollution in
groundwater of West Bengal, India—an insight into the problem by subsurface sed-
iment analysis. Gondwana Res 2002;5:501–12.
Polya DA, Gault AG, Diebe N, Feldman P, Rosenboom JW, Gilligan E, et al. Arsenic haz-
ard in shallow Cambodian groundwaters. Miner Mag 2005;69:807–23.
Radloff KA, Zheng Y, Michael HA, Stute M, Bostick BC, Mihajlov I, et al. Arsenic migra-
tion to deep groundwater in Bangladesh inﬂuenced by adsorption and water de-
mand. Nat Geosci 2011;4:793–8.Ravenscroft P. Overview of the hydrogeology of Bangladesh. In: Rahman AA,
Ravenscroft P, editors. Groundwater resources and development in Bangladesh—
background to the arsenic crisis, agricultural potential and the environment.
Dhaka: Bangladesh Centre for Advanced Studies, University Press Ltd.; 2003.
p. 43–86.
Ravenscroft P, Brammer H, Richards KS. Arsenic pollution: a global synthesis. U. K.:
Wiley-Blackwell; 2009
Rohling EJ, Fenton M, Jorissen FJ, Bertrand P, Ganssen G, Caulet JP. Magnitudes of sea-
level lowstands of the past 500,000 years. Nature 1998;394:162–5.
Salter T. Fluvial scour and incision: models for their inﬂuence on the development of
realistic reservoir geometries. Geol Soc London Spec Publ 1993;73:33–51.
Sarkar A, Sengupta S, McArthur JM, Ravenscroft P, Bera MK, Bhushan R, et al. Evolution
of Ganges-Brahmaputra western delta plain: clues from sedimentology and carbon
isotopes. Quaternary Sci Rev 2009;28:2564–81.
Steckler M, Akhter SH, Seeber L, Armbruster J. GPS in Bangladesh: delta subsidence,
monsoonal loading and continental collision. In: UNAVCO, editor. 2008–2012
UNAVCO community and facility proposal: geodesy advancing earth ecience re-
search. Boulder, Colorado, USA: UNAVCO, Inc.; 2007. p. 3-41.
Stollenwerk KG, Breit GN, Welch AH, Yount JC, Whitney JW, Foster AL, et al. Arsenic at-
tenuation by oxidized aquifer sediments in Bangladesh. Sci Total Environ
2007;379:133–50.
Stute M, Zheng Y, Schlosser P, Horneman A, Dhar RK, Hoque MA, et al. Hydrological
control of As concentrations in Bangladesh groundwater. Water Resour Res
2007;43:W09417.
Umitsu M. Late Quaternary sedimentary environment and landform evolution in the
Bengal lowland. Geogr Rev Jpn 1987;60:164–78.
Umitsu M. Late Quaternary sedimentary environments and landforms in the Ganges
Delta. Sediment Geol 1993;83:177–86.
van Geen A, Zheng Y, Versteeg R, Stute M, Horneman A, Dhar R, et al. Spatial variability
of arsenic in 6000 tube wells in a 25 km2 area of Bangladesh. Water Resour Res
2003;39:1140–55.
van Geen A, Aziz Z, Horneman A, Weinman B, Dhar RK, Zheng Y, et al. Preliminary ev-
idence of a link between surface soil properties and the arsenic content of shallow
groundwater in Bangladesh. J Geochem Explor 2006;88:157–61.
Van Geen A, Cheng Z, Jia Q, Seddique AA, Rahman MW, Rahman MM, et al. Monitoring
51 community wells in Araihazar, Bangladesh, for up to 5 years: Implications for
arsenic mitigation. J Environ Sci Health Part A 2007;42:1729–40.
von Brömssen M, Jakariya M, Bhattacharya P, Ahmed KM, Hasan MA, Sracek O, et al.
Targeting low-arsenic aquifers in Matlab Upazila, southeastern Bangladesh. Sci
Total Environ 2007;379:121–32.
Wasserman GA, Liu X, Parvez F, Ahsan H, Levy D, Factor-Litvak P, et al. Water manga-
nese exposure and children's intellectual function in Araihazar, Bangladesh. Envi-
ron Health Perspect 2006;114:124–9.
Weinman B, Goodbred Jr SL, Zheng Y, Aziz Z, Steckler M, van Geen A, et al. Contri-
butions of ﬂoodplain stratigraphy and evolution to the spatial patterns of
groundwater arsenic in Araihazar, Bangladesh. Geol Soc Am Bull 2008;120:
1567–80.
WHO. In: Organization WH, editor. Guidelines for drinking-water quality. 4th edition.
Geneva: World Health Organization; 2011.
Winkel L, Berg M, Amini M, Hug SJ, Annette Johnson C. Predicting groundwater arsenic
contamination in Southeast Asia from surface parameters. Nat Geosci 2008;1:
536–42.
Zheng Y, van Geen A, Stute M, Dhar RK, Mo Z, Cheng Z, et al. Geochemical and
hydrogeological contrasts between shallow and deeper aquifers in the two villages
of Araihazar, Bangladesh: implications for deeper aquifers as drinking water
sources. Geochim Cosmochim Acta 2005;69:5203–18.
